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METHODS FOR PREPARING
SEMICONDUCTOR SUBSTRATES AND
INTERFACIAL OXIDES THEREON

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the priority of U.S. Provisional
Application No. 60/795,362, filed on Apr. 277, 2006, which 1s

hereby incorporated by reference 1n 1ts entirety.

FIELD OF THE INVENTION

This invention relates to methods for preparing semicon-
ductor substrates, the semiconductor oxides grown thereon,
and more specifically, to epitaxial oxides grown on the sur-
face of semiconductors, and the interfacial layer formed
between the oxide and the semiconductor.

BACKGROUND OF THE INVENTION

Ever since the first integrated circuit was demonstrated,
one goal of the electronics industry has been to increase the
density of individual devices 1n an itegrated circuit. Ulti-
mately, as smaller devices are made, the devices can be
packed more densely, which reduces transmission between
devices and also allows for faster operation.

Metal oxide semiconductor (MOS) technology forms the
basis for a large part of chip manufacturing. In typical MOS
transistor technology, silicon dioxide (S10,) 1s grown on a
s1licon substrate so as to form part of a metal oxide semicon-
ductor gate. S10, so formed 1s commonly referred to as a gate
oxide or a gate oxide dielectric. Until recently, S10, grown on
MOS transistor gates has always been thought of as amor-
phous with little ordering in the first atomic layers at the
interface between the silicon substrate and the oxide layer.
Silicon has been used commercially as a semiconductor pred-
erentially over other matenials because 1t readily forms stable
oxide dielectric layers with a lower interface defect density
than other semiconductors and their oxides. The stability of
S1/510, having a low interface defect density enables the
manufacture of transistors with better electrical properties
than 1s attainable with other semiconductors.

The desire for lower dimension devices presents a basic
problem: as devices get smaller in three dimensions, the
dielectric layer must get both narrower and thinner and con-
tinue to function as a dielectric. Silicon does not always
provide the optimum physical and electronic properties, such
as a low interface defect density or a high dielectric constant,
necessary to or tailored to fill a particular need. A desire for
materials that have better tailored physical and electronic
properties creates another problem: growth of dielectric lay-
ers on multi-element semiconductors 1s difficult. These two
problems become essentially imsurmountable when one
desires a small device made out of a semiconductor other than
doped silicon. Conceptually, a solution would lie 1n produc-
ing etther a well-ordered ultra-thin oxide on top of the multi-
element semiconductor, or at least a more ordered interface
between the semiconductor and the dielectric layers. Doing
so without elemental or phase separation 1s extremely difli-
cult especially 1n chemical systems where the defect genera-
tion rate 1s higher than silicon, and as the physical sizes
involved approach atomic dimensions. Any improvement 1n
ordering at the interface or in the material will improve the
interface defect density. It will be appreciated that, as smaller
devices demand thinner dielectric layers, interface character-
1stics become 1ncreasingly important.
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Another goal of electronic device processing 1s the growth
ol heterodielectrics or other materials listed below on a semi-
conductor substrate. While this goal 1s achievable for some
systems, 1n general, growth of ordered films of a material on
a semiconductor substrate 1s difficult. U.S. Pat. No. 6,613,
6’7’7, incorporated herein by reference, discloses long range
ordered semiconductor interface phase and oxides that can
improve many properties of oxides, and in particular S10,
grown on S1. However, the growth of epitaxial, or continuous
crystalline films on semiconductor substrates remains elu-
stve. Herein, are described novel methods for preparing semi-
conductor substrates and forming epitaxial interfacial layers
of oxides thereon.

SUMMARY OF THE INVENTION

In a first aspect, the invention provides a semiconductor
substrate prepared by a process comprising the steps of:

cleaning the surface of the substrate; and

maintaining the cleaned substrate 1n a static and 1nert atmo-

sphere.

In a second aspect, the invention provides a method for
depositing an ultra-thin epitaxial interfacial phase on a semi-
conductor substrate comprising the steps of:

cleaning the surface of the substrate;

maintaining the cleaned substrate 1n a static and inert atmo-

sphere; and

oxidizing the cleaned substrate,

wherein the cleaned substrate 1s maintained in the static
and 1nert atmosphere from the conclusion of the
cleaning step until the beginning of the oxidization
step.

In a third aspect, the invention provides an ultra-thin epi-
taxial interfacial phase on a semiconductor substrate prepared
by a process comprising the steps of:

cleaning the surface of the substrate;

maintaining the cleaned substrate 1n a static and 1nert atmo-
sphere; and

oxidizing the cleaned substrate,

wherein the cleaned substrate 1s maintained in the static
and 1nert atmosphere from the conclusion of the
cleaning step until the beginning of the oxidization
step.

In a fourth aspect, the invention provides an ultra-thin film
crystalline dielectric film comprising silicon, oxygen and
hydrogen, wherein the surface of the material has one surface
atomic step per 100 A or more.

In a fifth aspect, the invention provides a semiconductor
device having an epitaxial interfacial phase and dielectric
layer comprising an oxide of a semiconductor material

chosen from the group consisting of S1, S1,.Ge, ., GaAs,
S1y_,.,Ge C, Si3,_Gey Ny s, Ge, Ga, Al As, S1,Ge,_,,

s .
(Ole—y)H: Sll—x—yGeny(Ole—x)nﬂ Ellld (Sll—x—yGeny)3N4—x-y:
and an ordered interface phase of oxygen and hydrogen all on
an atomic polished surface of a substrate of the semiconduc-

tor material.

In a sixth aspect, the invention provides a semiconductor
device having an epitaxial interfacial phase and a dielectric
layer comprising an oxidized semiconductor material on an
atomically polished substrate of the semiconductor material
with a smoothness characterized by one surface atomic step
for 100 A or greater linear distance, wherein the semiconduc-
tor material 1s chosen from the group consisting ol Si,
S1,Ge, ,, GaAs, 51, Ge C,, Si3,_,Ge; Ny s, Ge,
Ga, Al As, 51,Ge, (ON, ), 51, Ge C (ON, ), and
(81, ,Ge C ;N

4-x-1°
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In a seventh aspect, the invention provides an ultra-thin
film of [-cristobalite-S10.,,.

In an eighth aspect, the invention provides a semiconductor
structure comprising a semiconductor substrate, an ultra-thin
epitaxial interfacial phase, and a high-k dielectric, wherein
the 1nterfacial phase 1s between the substrate and the dielec-
tric, and 1s prepared according to the second aspect of the
ivention.

In a ninth aspect, the mvention provides a semiconductor
structure comprising a semiconductor substrate and a high-k
dielectric, wherein the substrate 1s prepared according the
first aspect of the mvention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 displays a comparison of (a)-(c) pB-tridymite and
(d)-(f) PB-cristobalite structure with that of (g)-(i) silicon,
viewed along <100>, <110>, and <111>, respectively.

FIG. 2 1s a schematic depicting the behavior of the S1 SP
versus oxygen coverage.

FIG. 3 1s a graph illustrating S1 SP versus oxygen coverage
in the <111> orientation axis with extrapolated experimental
and simulated data with tetragonal distortion. Triangle sym-
bols: experimental <111>IBA data. The dotted line shows the
yield for amorphous S1:0 ratio of 1:2. The solid black hori-
zontal line represents the (1x1)S1(100) bulk SP value 1n the
<111> direction of 14.87x10" atom/cm”. The solid circles
show 3DmultiString simulations with no tetragonal distor-
tion. The cross symbols represent the simulations results with
100% tetragonal distortion. The S1 atoms deficit 1s marked by
the horizontal dashed line, which intersects the simulated
B-cristobalite S10,/(1x1) S1(100) to yield the critical thick-
ness for the heteroepitaxial layer.

Definitions

As used herein, the terms “epitaxial phase” and “epitaxial
material” means a crystalline phase or material grown or
otherwise deposited onto a crystalline substrate.

As used herein, the term “crystalline” means a solid form
of a substance having three-dimensional order on the level of
atomic dimensions. Crystallinity may be detected by difirac-
tion techniques, heat-of-fusion measurements, etc. The
amount of disorder within the crystalline region 1s not incom-
patible with this concept.

As used herein, the term “Herbots-Atluri Clean” refers to
the semiconductor cleaning process as disclosed in U.S. Pat.
No. 6,613,677, incorporated herein by reference in its
entirety.

In connection with this invention, certain terms are used
that are believed to be understood by those skilled 1n the art.
“Long range ordering’ 1s an expression that means, 1n con-
tradistinction to “short range ordering,” a regularity in the
location of the atoms 1n a structure, such as a crystalline
structure such that the location of an atom can be accurately
predicted three, four, or more positions distant from a known
atom location.

“Ultra-thin,” as used herein, means having a thickness of
40 A or less. Preferably, the thickness is 2.5 A to 40 A. More
preferably, the thickness is 5.0 A to 40 A.

“Interface defect density™ 1s an expression used to mean a
density of surface defects such atomic steps, missing atoms,
or the presences of unfilled bonds. “Low” interface density 1s
interface density lower than that achieved 1n prior procedures,
all other variables being equal.

As used herein, the term ““static” means characterized by a
lack of movement or progression (e.g. no gas tlow).
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As used herein, the term “inert atmosphere” means an
atmosphere which will not cause degradation or reaction of
the sample. Such atmospheres preferably contain limited lev-
els of oxygen and/or water; however, the acceptable level of
water and/or oxygen will depend on the samples, and 1s
readily apparent to one skilled in the art. Such atmospheres
preferably include gases such as, but are not limited to, nitro-
gen, helium, and argon, and mixtures thereof.

As used herein, the terms “interfacial phase™ and “interta-
cial material” mean the phase or material at the interface
between a two material layers, for example, the layer at the
interface between a dielectric layer on the surface of a semi-
conductor and the semiconductor itself.

As used herein, the term “semiconductor” means any mate-
rial that 1s not intrinsically a good conductor and that has a
small enough band gap that 1t could concervably be doped to
function as a semiconductor (1.¢. a band gap that 1s less than
approximately 10 ¢V) and that 1s chemically and otherwise
compatible with the process of the invention.

As used herein, the term “semiconductor-grade” means the
component has a purity of at least 99%; preferably, the purity
1s at least 99.9%; even more preferably, the purity 1s at least
99.99%.

As used herein, the term “tluoropolymer” means a polymer

comprising at least one monomer having fluoro substituents.
Examples of fluoropolymers include, but are not limited to,
poly(tetrafluoroethylene) [1.e., Tetlon™], poly(ethylene-co-
tetrafluoroethylene), and poly[4,5-difluoro-2,2-bis(tritluo-
romethyl)-1,3-dioxole-co-tetrafluoroethylene] [1.e., Tetflon™
AF].
As used herein, the term “silicide” means a compound
comprising silicon and one or more electropositive elements.
Examples of silicides include, but are not limited to, PtSi,
T151,, and WS1,.

The term “‘continuous,” as used herein, means an uninter-
rupted molecular network.

The term “coherent crystalline material,” as used herein,
means that the crystalline structure of the matenial 1s aligned
with its surrounding structures. For example, for a coherent
crystalline thin film on a substrate, the crystalline structure of
the thin film 1s aligned with the crystalline structure of the
substrate.

The term “high-k dielectric” as used herein, refers to a
material with a high dielectric constant () (relative to silicon
dioxide) used in semiconductor manufacturing processes
which replaces the silicon dioxide gate dielectric. Example of
high-k dielectrics include, but are not limited to, hatnium-
based dielectrics (e.g., HIS1ION, H10,, and HIS10), zirco-
nium silicates and oxides, tantalum oxides (e.g. Ta,O.),
Sr110,;, Al,O4, Y20,, La,0,;, and T10.,,.

DETAILED DESCRIPTION

The Substrate

Semiconductor substrates suitable for use i1n the invention
include all group IV element and IV, IV-1V, and IV-IV-1V

multi-element substances, e.g. 81, Ge, S1,.Ge,_, 81, Ge C,,
Ge C,_., etc. When Ge 1s the substrate, the solubility of the
oxide may preclude use of the standard method disclosed
below, but the broad process of creating a very smooth surface
along with passivating the Ge surface will produce an ultra-
thin dielectric film. III-V semiconductors, e.g. GaAs, AIN,
etc., are also expected to be useful as substrate materials
because of their high mobility and the ease of modulating
their band gap. Nitride containing semiconductors such as
S1;N, or 815, ,Gey Ny s Will function as substrates as

well. Dielectrics on silicon and other group IV, IV-1V, and
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IV-IV-1V matenals such as nitrides and oxynitrides can ben-
efit from this method. These materials are both stable with
respect to the solutions employed and can form a passivating
hydrogen-based layer when exposed to a hydrogen source.
They are also capable of being etched by hydrofluoric acid
(HF). II-VI semiconductors (ZnS or ZnSe) also benefit from
very tlat surface preparation and slow dielectric growth on the
surface. Preferably, the substrate comprises a semi-
conductor material selected from the group consisting of Si,
S1,Ge, , GaAs, 51 Ge C, Si3 ,Gey Ny s, Ge,
Ga, Al As, S1.Ge, (ON, ), 81, Ge C(ON, ), and
(51, ,Ge C )3N, . . More preferably, the substrate com-
prises Si1. Even more preferably, the substrate 1s S1(100).

In other various aspects of the invention, the semiconduc-
tor substrate 1s substantially planar; preferably, the semicon-

ductor substrate has a polished surface, as known to those
skilled 1n the art.

Substrate Preparation

The substrates are prepared for overgrowth of an interfacial
phase according to a two stage process including a cleaning,
step and “intermediate processing’”’ step prior to oxidation.

(a) Cleaning
The substrates utilized 1n the various aspects of the inven-
tion are cleaned according to methods known in the art for

cleaning semiconductor surfaces. For example, appropriate
cleaning methods include, but are not limited to one or more

of SC1 Clean (H,O+NH_,OH+H,0O,), SC2 Clean (H,O+
HCI+H,O,), RCA Clean (SCI1, then SC2), Piranha Strip
(H,SO,+H,0,), Nitride Strip (H,PO,,), Oxade Strip (HF+
H,O), Dry Strip (N,O, O,, CF_ +0,, or O,), and/or the Her-
bots-Atluri clean. Preferably, the substrate 1s cleaned, at least,
according to the Herbots-Atlur1 clean. Preferably, the sub-
strate 1s cleaned, at least, according to the Herbots-Atlur
clean, and the Herbots-Atluri clean 1s the last cleaning per-
formed. In various preferred embodiments, the substrate 1s
cleaned according to the Herbots-Atluri clean. As has been
described in U.S. Pat. No. 6,613,677, when a semiconductor
substrate 1s cleaned according the Herbots-Atlur1 clean, an
ordered passivating layer of oxygen and hydrogen 1s formed
on the semiconductor substrate surface.

(b) Intermediate Processing

After cleaning, 1n an intermediate processing step, the sub-
strates are exposed to a static and inert atmosphere for a
suificient period of time to prevent the accumulation of
organic 1mpurities which inhibit growth of the epitaxial
phases of the invention. Such an exposure also serves to limit
rearrangement of the freshly cleaned surface (particularly,
when the substrates are cleaned by the Herbots-Atluri clean)
due to 1impinging oxygen and moisture when the phase has
just formed so the stable phase remains heteroepitaxial. Addi-
tionally, the exposure of the cleaned substrate to a static and
inert atmosphere allows for an equilibrium to form between
any remaining volatilizable surface adsorbed molecules and
the atmosphere. Desorption of these molecules 1n the inert
atmosphere further cleans the substrate surface.

Preferably, the cleaned substrate 1s maintained 1n the static
and mert atmosphere from the conclusion of the cleaning step
until the beginning of the oxidization step. More preferably,
the cleaned substrate 1s maintained in the static and mert
atmosphere for about 30 seconds to 12 months. More prefer-
ably, the cleaned substrate 1s maintained 1n the static and 1nert
atmosphere for about 30 seconds to 3 days; even more pret-
erably, about 30 seconds to 24 hours. Even more preferably,
the cleaned substrate 1s maintained in the static and inert
atmosphere for about 30 seconds to 30 minutes. Even more
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preferably, the cleaned substrate 1s maintained in the static
and 1nert atmosphere for about 30 seconds to 5 minutes.

Preferably, the static and inert atmosphere comprises a
noble gas, nitrogen, or mixtures thereol. More preferably, the
static and 1nert atmosphere comprises semiconductor-grade
noble gas, nitrogen, or mixtures thereof. Even more prefer-
ably, the static and 1nert atmosphere comprises semiconduc-
tor-grade nitrogen.

The cleaned substrates of the various aspects of the inven-
tion may be exposed to and/or stored 1n a static and 1nert
atmosphere 1n a sealed container. Preferably, the sealed con-
tainer 1s a fluoropolymer or glass container, or aluminum bag.
More preferably, the sealed container 1s a fluoropolymer or
glass container, or aluminum bag and has been cleaned
according to a semiconductor-grade cleaning process. Even
more prelferably, the sealed container 1s a fluoropolymer or
glass container, or aluminum bag and has been cleaned
according to a semiconductor-grade cleaning process com-
prising a peroxide solution (e.g., SC1, SC2, and/or the Her-
bots-Atluri clean). A plurality of such sealed containers may
be stored 1n a secondary container which itself contains a
static and 1nert atmosphere (supra), for example, a bag or box.

By exposing the cleaned substrates to a static and inert
atmosphere, substrates prepared according to the methods of
the invention have been stored for over a year 1n sealed con-
tainers (supra) under the static and inert atmosphere. Further,
exposing the cleaned substrates to a static and 1nert atmo-
sphere results substrates of the mvention which have 1n an
order of magnitude decrease 1n surface contamination (e.g.,
carbon) with respect to surfaces which have only been
cleaned and not exposed to the static and inert atmosphere

(see, Tor comparison, Herbots, et al., Mater. Sci1. Eng. B87,
303 (2001)).

Interface Phase Overgrowth

In the various aspects of the invention, the interfacial phase
1s formed on the cleaned semiconductor substrate by any one
of the semiconductor oxidation process known by those
skilled 1n the art, after the cleaned semiconductor substrate
has been exposed to a static and inert atmosphere (supra). For
example, the oxidation process may be one or more processes
selected from the group consisting of native oxide formation
in ambient air, thermal oxidation, rapid thermal oxidation,
and annealing in nitrogen, hydrogen, or a combination
thereof.

In some preferred embodiments, when the interfacial phase
1s formed using thermal or rapid thermal processing, then 1t
can be nucleated and grown between 300-1200 K 1n atmo-
spheric air or dry oxygen. Preferably, the interfacial phase 1s
nucleated and grown between 900-1100 K 1n atmospheric air
or dry oxygen. In other preferred embodiments, when the
interfacial phase 1s formed using thermal or rapid thermal
processing, then it can be nucleated and grown in atmospheric
air or dry oxygen at less than 1000 K; more preferably, at
between 300K and 1000K; even more preferably, between
900K and 1000K.

The interfacial phases on semiconductor substrates,
formed according to the istant invention, are heteroepitaxial
films. Such heteroepitaxial interfacial phases are preferably a
continuous two-dimensional phase, a true {ilm, or thin sheet
of coherent crystalline material, and 1n particular, are not
precipitates or polycrystalline films. Preferably, the het-
croepitaxial interfacial phase 1s a continuous two-dimen-
sional crystalline phase, wherein substantially all atoms are
arranged 1n unit cells whose main axes are aligned 1n the same
orientation.
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The new heteroepitaxial interfacial phases (e.g., tetrago-
nally distorted 3-cristobalite S10, on OH-(1x1) S1(100)) of
the present invention have been concerved with the goals to
create low temperature passivation (from 300 K, room tem-
perature) and stabilization of clean ordered semiconductor
surfaces (e.g., (1x1) S1(100)) 1n clean-room ambient air for
low temperature epitaxy and MOS gate oxide formation;
create smooth and flat interface via a step distribution at least
one order ol magnitude lower than 1n conventional oxides and
semiconductor surfaces to minimize structural and electronic
defect nucleation, minimize roughness, and narrow the range
of geometrical thickness of ultra-thin films (e.g., 0.5 to 20
nm); decrease defect density at an interface between the sub-
strate and these new 1ntertacial phase films; and provide ben-
eficial properties including enhanced reliability and carrier
lifetime 1n oxides, several order of magnitudes higher chemi-
cal stability of surface composition and resistance to surface
contamination in air due to both chemical inertness of the
terminated smooth surface and the energy stabilization due to

the ordered nature of the ordered interphase seeded on the
surface to from thin films, and defect-free interface 1n low

temperature epitaxy and heteroepitaxy.

With respect to chemical stability, heteroepitaxial oxides
formed 1n accordance with the present invention exhibit
orders of magnitude further improvement of chemical stabil-
ity during processing with an outer surface that can exhibit a
near-zero hydrocarbon deposition and oxidation rate for up to
a year.

Further, heteroepitaxial oxides formed 1n accordance with
the present invention provide a subsequent matching stability
of electronic parameters, including oxide thickness and
dielectric constant.

When the substrate comprises Si (and preferably, S1(100)),
the ultra-thin epitaxial interfacial phase prepared according to
the instant invention comprises heteroepitaxial S10,. More
preferably, the ultra-thin epitaxial interfacial phase comprises
beta-cristobalite-S10,. The heteroepitaxial nature of the
interfacial phase of the mmvention 1s evident from a silicon
surface peak at zero oxygen coverage of less than bulk
S1(100) as measured along the <111> axis by 1on beam analy-
s1s (see, Examples, infra). For example, a tetragonally dis-
torted 3-cristobalite S10,, interphase of the invention exists
between an amorphous S10, top film and a (1x1)S1 (100)
interface. This 1interphase exhibits a critical thickness
between (1x1) S1 (100)/epitaxial S10,, interface and the epi-
taxial S10,/amorphous S10, interphase.

Further, when the substrate comprises S1 (particularly,
S1(100)), heteroepitaxial interfacial oxides formed in accor-
dance with the present invention exhibit tetragonal distortion
of up to 100% (inira). The heteroepitaxial intertacial phase 1s
a continuous two-dimensional crystalline phase wherein the
phase 1s tetragonally distorted normal to the interface, with an
expansion of the crystal unit cell dimensions ranging from O
to 150% along the surface normal. Even more preferably, the
heteroepitaxial interfacial phase of the mvention 1s a cubic
cristobalite phase or a tetragonally distorted cristobalite
phase.

More preferably, the heteroepitaxial interfacial phase 1s
tetragonally distorted normal to the substrate surface inter-
face, with an expansion of the crystal unit cell dimensions
ranging from 0 to 150% along the surface normal, wherein

substantially all atoms are arranged in unit cells whose
main axes are aligned in the same orientation;

only the <100> axes of the interfacial phase are aligned
with the Si1 substrate; and
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the <110> and <111> axes of the interfacial phase are
shifted to accommodate the tetragonal distortion of the
phase.

Tetragonal distortion (thus a change 1n interatomic con-
stant) allows properties of the oxide layer to be further modi-
fied or modulated. Tetragonal distortion allows modulation of
the dielectric constant of the film (via tetragonal distortion of
beta-cristobalite) by a factor 0.6 to 2 which allows for new
degrees of freedom in engineering stacked dielectric thin
films; seeding both organic and inorganic films 1n registry
with the (1x1) Si1(100) substrates thereby enhancing elec-
tronic interfacing with or without a dielectric between the
two; seeding heteroepitaxial films with registry with the (1x1)
S1(100) layers or with the beta-cristobalite structure; interfa-
cial diffusion nano barrier and stable interfacing between
reactive films such as peroskvites and high-k dielectrics and
S1(100) blocking silicon oxidation by the film; modified opti-
cal absorption of the new heteroepitaxial nano-oxides to
maximize transmission by absorbing fewer wavelengths.
This latter property 1s important 1n 1mproving sensor and
detector performance using CCD and also 1n high perfor-
mance solar cells).

In other various aspects of the invention, when the semi-
conductor substrate 1s substantially planar; and preferably,
the semiconductor substrate has a polished surface, as known
to those skilled in the art, then the epitaxial layer formed
according any of the methods of the invention 1s substantially
planar.

Post-Interface Phase Overgrowth Processing

The interface phase serves multiple roles, among those are
its function as a dielectric, as a seed layer, and as a barrier. The
dielectric function has been discussed. When the phase acts as
a seed layer, 1t does so by allowing atoms of the over-layer to

arrange themselves without regard to the atomic arrangement
of the substrate.

When the interface phase acts as a barrier, 1t segregates the
semiconductor underneath from any heterodielectric or other
material deposited on the surface. This segregation prevents
reaction between the substrate and the overlayer and thereby
prevents cross contamination between the substrate and a
deposited overlayer. Semiconductor substrates can include
Si, 51, Ge,_, GaAs, 51, Ge, C, Si3 .y Gey Ny g,
Ge, S1.  Ge,_, Sty Ge, C (ON, ),

(Ole-y)H!
(81, ,Ge C )N, ., and GaAlAs. Usetul heterodielectrics

can 1nclude Canijan, Sr110,, Pb(Zr11)0O,, BaTliO,,
Zr(Ca)O,, Zr(Y)O,, LiINbO;, (LiNbO;, SrT10,), (Zr—Ca)
O,, Zr(Y)0,), GaAs, Ga,0, As, O, CdTe, InP, ZnSe, ZnS,
Hg(CdTe, GaSb, InSb, Yttrium Barium Copper Oxide, Lan-
thanum Stronttum Copper Oxide and Bartum Europium Cop-

per Oxide.

As the thickness of oxide layers used 1n semiconductor
devices decreases, the properties of the interface between the
semiconductor and the oxide layer become more influential in
the performance of the device. The oxide layer provides an
improved ditlusion barrier and allows for improved interfac-
ing of crystalline substrates (e.g., S1, or S1(100)) with reactive
films such as peroskvites, high-k dielectrics, and/or silicides.

Over-layer films may be deposited according to those
methods known to those skilled in the art. For example, an
over-layer may be deposited onto a layer comprising the
interphase of the invention by chemical vapor deposition,
plasma-enhanced chemical vapor deposition, atomic layer
deposition, spin-coating, spray coating, dip coating (e.g.,
deposition of a Langmuir-Blodgett film), and the like.
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Device Manufacture

The process of this invention can be used to make a variety
of different semiconductor devices including transistors,
diodes, capacitors, resistors, memory, and charge-coupled
devices. The process of making integrated circuit transistors
1s well known 1n the art. These processes employ layers of
dielectric material 1n various configurations depending on the
nature of the device. The process disclosed can be used to
torm those dielectric materal layers.

For example, the methods of the invention may be utilized
for preparing a semiconductor device having an epitaxial
interfacial phase and dielectric layer comprising an oxide of a

semiconductor material chosen from the group consisting of
St, S1,Ge, ., GaAs, 51 Ge C, Sty ,Ge; Ny 4, Ge,
Ga, Al As, S1.Ge, (ON, ), 81, Ge C(ON, ), and
(S1,_,.,Ge C ):N, ., and an ordered interface phase ot oxy-
gen and hydrogen all on an atomic polished surface of a
substrate of the semiconductor material.

In another example, the methods of the invention may be
utilized for preparing semiconductor device having an epi-
taxial interfacial phase and a dielectric layer comprising an
oxidized semiconductor material on an atomically polished
substrate of the semiconductor material with a smoothness
characterized by one surface atomic step for 100 A or greater
linear distance, wherein the semiconductor material 1s chosen
trom the group consisting ot 81,81, Ge,_, GaAs, 51, Ge C,,
Sty n0e3 Ny s, Ge, Ga; Al As, 51Ge, (ON, ).
St,_,.,Ge, C (ON,_ ), and (S1,_ Ge C )N, ..

In yet another example, the methods of the invention may
be utilized for preparing semiconductor device having an
epitaxial interfacial phase on a semiconductor substrate and a
dielectric layer comprising a high-k dielectric matenal, per-
oskvite, or silicide.

In other words, the heteroepitaxial interfacial oxide can
provide a crystalline seed to grow a high-k dielectric such as,
preferably, H1O,, HIS1ON, or ZrO,. Additionally, the het-
eroepitaxial interfacial oxide can be nitridized prior to high-k
dielectric formation in an amorphous phase to take advantage
of its superior smoothness and lower defect density without
crystallization of the high-k dielectric. It also provides a more
advanced pathway where the crystallization of the high-k
dielectric 1s controlled 1nto a grain boundary-iree structure
with even more improved electrical characteristics, such as
low leakage and better controlled dielectric constant.

In another example, the substrate (e.g., (1x1)S1(100)) as
prepared according to the invention prior to oxide growth
(supra) can, 1tself, provide a crystalline seed to grow a high-k
dielectric such as HIO,, HIS1ON, or ZrQO,. In this case, where
no epitaxial layer 1s used, the substrate prepared according to
the imnvention provides a seed or template for high-k dielectric
with a superior smoothness since its roughness 1s lower by at
least an order of magnitude when compared with surface and
oxide conventional processing. When forming an interface
the substrate also provides superior chemical and structural
stability of the stabilized surface iterphase by several orders
of magnitude compared to conventional semiconductor sur-
faces oxides, both 1in terms of stability duration, surface purity
and structural quality. When interfaced with other matenals,
the combination of the substrate surface prepared according
to the mvention with high-k dielectrics provide a significant
decrease 1n interfacial states and defect density. The decrease
in interfacial states combine with the improved chemical and
structural stability decreases leakage currents in gates and
improves vastly the control of thickness and electrical char-
acteristics.

High-k dielectric layer may be deposited according to
those methods known to those skilled 1n the art. For example,
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an High-k dielectric layer may be deposited onto a substrate
prepared according to the first aspect of the invention or an
interphase according to any aspect of the invention by chemi-
cal vapor deposition, plasma-enhanced chemical vapor depo-
sition, atomic layer deposition, spin-coating, spray coating,
dip coating (e.g., deposition of a Langmuir-Blodgett {ilm),
and the like.

EXAMPLES

Example 1
Water Cleaning and Intermediate Processing

An mnovative wet chemical clean and passivation for
S1(100) waters was developed 1n previous research by Atluri
and Herbots et al.(see, U.S. Pat. No. 6,613,677). This process
1s unique in that 1t produces an ultra-flat (1x1) S1(100) ordered
surface with extremely low surface impurity contamination
compared to the well-known RCA type wet chemical cleans.
After cleaning, intermediate processing of the waters prior to
oxidation included packing the cleaned waters 1n polypropy-
lene or fluoropolymer containers under dry nitrogen and
sealed 1n plastic bags filled with dry nitrogen. Walers were
stored 1n their sealed containers under dry mitrogen for up to
a year before thermal processing. Often, walers were stored
under dry nitrogen for 30 minutes to 3 days prior to thermal
processing. Walers stored for over a year 1n sealed containers
under dry mitrogen showed no evidence of an increase in
surface contamination (e.g. accumulation of carbonaceous
impurities) as measured by TOF-SIMS. TOF-SIMS was col-
lected as described 1n Herbots, et al., Mater. Sci. Eng. B87,
303 (2001).

Example 2
Thermal Processing

Following the cleaning and intermediate processing (1.e.,
exposure to a static atmosphere of dry nitrogen for up to a
year) described 1n Example 1, both furnace anneal/oxidation
and Rapid Thermal Anneal (RTA)/Oxidation (RTO) were
used to oxidize the waters. RTA and RTO were performed on
an AG6101 furnace manufactured by AG and Associates. The
AG6101 was located 1n a class-10 cleanroom. The quartz
chamber has a volume of approximately 60 in>. Dry nitrogen
and/or dry oxygen gases can be can be used to control the
atmosphere during processing. The maximum flow rate of
cach gas 1s approximately 4 L/min.

Furnace processing was performed in a Thermco 9000
furnace also located 1n the class-10 clean room. The particular
furnace used 1n this study was used exclusively for front end
processing including gate oxidation. Exemplary oxide thick-
nesses are listed 1n Table 1.

Example 2a

Furnace Anneal

The gate oxide furnace was being held at 650° C. and
simultaneously being purged with dry nitrogen during load-
ing. The temperature was then increased atarate o1 5° C./min.
in dry mitrogen to the desired temperature of 900° C. The
walers were held at 900° C. for 30 min. in dry nitrogen before
decreasing the temperature back down to 650° C. at the same
rate.
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Example 2b

Rapid Thermal Anneal

The chamber was purged with dry nitrogen for three min- 5
utes at a maximum flow rate of 4 L/min. to rid the chamber of
air. The temperature was then ramped at a rate of 70° C./sec.
to the desired temperature where 1t was held for a 90-120 sec.
anneal. The dry nitrogen flow rate was reduced to 2 L/min.
during ramping and annealing. 10

Example 2c¢

Rapid Thermal Oxidation

: : 15
The chamber was purged for three minutes with oxygen at

a flow rate of 4 L/min. The temperature was then ramped to
the oxidation temperature and held for 5 sec. The oxygen flow
was immediately shut off and dry nitrogen began purging the
chamber at the maximum flow rate as soon as the thermal -
ramp down began. As the sample reached 400° C. , 1t was held
at this temperature for at least 100 sec. as the chamber was
continuing to be purged with dry nitrogen. The temperature
was then increased up to 1050° C. and annealed for 90 sec. in

a 50% flow of dry nitrogen.

25
TABLE 1
Optical Thickness
Thermal Process (A)
Passivation Only (No Thermal Processing) Could not be >
measured

Furnace Anneal - 30 min. at 900° C. in N5 20-24
Rapid Thermal Nitrogen Anneal
90 sec. at 1050° C. n N, 19-25 15
120 sec. at 750° C. in N5 10-16
Rapid Thermal Oxidation
5 sec. at 1100° C. in O-: 42-47
followed by 90 sec. N, anneal at 1050° C.
150 sec. at 800° C. 1n O5: 20-22
followed by 60 sec. N5 anneal at 800° C. 40
150 sec. at 750° C. 1n O5: 17-1%
followed by 90 sec. N5 anneal at 750° C.
360 sec. at 800° C. 1n O: 25-32
followed by 60 sec. N> anneal at 800° C.
900 sec. at 800° C. 1n O5: 31-37
followed by 60 sec. N> anneal at 800° C. 45
Furnace Oxidation <750° C. 25-26
Furnace Oxidation <750° C. 25-27
Furnace Oxidation <750° C. 34-36
Furnace Oxidation <750° C. 43-44
Furnace Oxidation <750° C. 20-21

50

Example 3

Comparison to Standard RCA Cleans
55

In order to accurately measure the effects the methods of
the invention had on oxide films, electrical properties of
oxides prepared according to Examples 1 and 2 were com-
pared with a set of control samples which were simulta-
neously oxidatively processed. The control samples under- 60
went a standard RCA clean used currently in the
semiconductor industry. Both sets of samples were then oxi-
dized using a standard recipe for gate oxide formation 1n
industry.

Table 2 1s a comparison of the measured oxide charge 65
obtain with SCA analysis for the samples having undergone
the Herbots-Atlur1 wet chemical cleaning procedure.

12

TABLE 2

Comparison of oxide charge measured between HEF/Methanol and
Standard RCA prepared surfaces.

Oxide Optical Oxides of the Invention Control Oxides
Thickness (A) Oxide Charge (cm™) x 10!! Oxide Charge (cm™) x 10!!
20.5 2.57 £0.24 2.78 £ 0.02
25 1.40 £ 0.41 0.60 £ 0.51
35 2.29 £ 0.10 1.68 +0.04
44 1.60 £ 0.06 0.97 £ 0.08

Samples prepared by the methods of the mvention have
slightly larger values of oxide charge density. However, the
error bars for mmvention treated samples and the control
samples tend to overlap. SCA results of interface trap densi-

ties for Samples prepared by the methods of the invention and
standard RCA clean (control) prior to oxidation are shown 1n

Table 3.

TABL

L1

3

Comparison of density of interface traps measured between
HF/Methanol and Standard RCA prepared surfaces.

Oxides of the Invention Control Oxides
Oxide Optical  Density of Interface Traps Density of Interface Traps
Thickness (A) (em™) x 10! (cm™) x 10!
20.5 1.62 £0.09 1.57 £ 0.01
25 1.52 £0.23 1.46 +0.19
35 1.39 £ 0.05 1.33 £ 0.09
44 1.05 £ 0.06 1.16 +0.17

[

No significant difference was detected between the two
surface cleans. Minority carrier lifetime measurements using
SCA analysis also showed both surface preparations were
within error of one another and are compared in Table 4.

TABL.

4

(Ll

Comparison of minority carrier lifetimes measured between
HFE/Methanol and Standard RCA prepared surfaces.

Oxides of the Control Oxides
Oxide Optical Invention Minority Minority Carrier
Thickness (A) Carrier Lifetime (us) Lifetime (us)
20.5 235 £ 15 227 £ 5
25 192 £ 16 181 £ 11
35 202 £18 196 £ 20
44 222 +24 221 = 26

Finally, comparison of leakage current and capacitance
results for both the samples prepared by the methods of the
invention and standard RCA clean also show no difference.
Samples prepared by the methods of the invention were pre-
pared several weeks prior to thermal processing as stored
under a static atmosphere of dry nitrogen 1n sealed containers
until immediately prior to oxidation. Samples undergoing a
traditional RCA clean were cleaned within hours of being
loaded mto the furnace.

Example 4
Ion Beam Analysis and Modeling,

The IBA methodology utilized for analysis of S10,/S1
(100) prepared according to Examples 1 and 2 has been
described in the literature (see, Shaw et al., J. Appl. Phys.,
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100, 1 (2006); Atlun, et al., Nucl. Instrum. Methods Phys.
Res. B118, 144 (1996); Feldman, et al., Fundamentals of
Surface and Thin Film Analysis (North-Holland), New York,
(1986) Feldman and Picraux, Materials Analysis by lon
Channeling (Academic, New York, 1982); and Leavit, et al.,
Nucl. Instrum. Methods Phys. Res. B44, 260 (1990)). Pres-
ently, the structure of the new S10. nanophase was deter-

mined via 3DMultiString simulations of IBA data (see, Shaw
et al., J. Appl. Phys., 100, 1 (2006)).

Registry of <100>, <110>, and <111> axes 1n S10,, poly-
morphs with S1(100) were analyzed for (a) a-quartz, (b)
B-quartz, (¢) B-tridymite, (d) a.-cristobalite, (e) 3-cristobalite,
and (1) keatite, shown 1n FIGS. 1 (¢) and (d). The only cubic
silica phase, P-cristobalite, can register with (1x1) S1(100)
along all three axes; (FIG. 1.(d)-(e)). An often cited candidate
1s tridymuite (e.g., Ourmazd, et al., Phys. Rev. Lett., 59, 213
(1987); and Munkholm, et al., Phys. Rev. Lett. 75, 4234
(1993)), but does not allow 3-axis registry because 1t 1s not
cubic (FIG. 1{(a)-(c)).

3DMultiString simulated IBA channeling spectra of

3-cristobalite nanofilms on (1x1) S1(100) from 4 to 50 mono-
layers to match 3.045 MeV “He** IBA data along <100>,
<110>, and <111> as a function of S10,.thickness. The sur-
face peaks (SP) of oxygen and S1 were extracted as in IBA
(see, Feldman, et al., supra). S1 SP were then plotted versus
oXygen coverage.

Simulations of S1 SP versus oxygen coverage for all three
axes were superimposed on the corresponding data. The key
teature of IBA data from the new [3-¢ S10, imnterphaseon (1x1)
S1(100) 1s “missing” silicon seen along the <111> axis (e.g.,
Shaw, et al., J. Appl. Phys., 100, 1 (2006)). The mterpolation
line of the S1 SP intersects the oxygen null coverage axis well
below the value of the bulk S1 SP of the (1x1) S1(100). This
yields the areal density of a heteroepitaxial f-¢ S10, nanofilm
whose S1 atoms shadow “missing” bulk S1(100) atoms as
detected by this intercept with the y-axis. Such shadowing by
S11n 810, of the S11n the bulk S1(100) has never been reported
betfore 1n IBA of S10,/81 phases. Only a heteroepitaxial layer
can reduce the S1 SP below the bulk value, in contrast to
simply ordered S10,/(1x1)S1(100) previously reported (e.g.,
U.S. Pat. No. 6,613,677 (2003); Herbots, et al., Mater. Sci.
Eng. B87,303 (2001); and Shaw, et al., J. Appl. Phys., 100, 1
(2006)) where elimination of interface disorder merely yields
a S1 SP at the interface equal to the bulk value of (1x1)
S1(100). Shadowing effects observed from the SP data indi-
cated actual registry with (1x1) S1(100).

FI1G. 2 depicts the experimental data simulated, 1.e. S1 SP
areal density versus the oxygen coverage. At the interface, no
surface disorder was detected since the y-intercept of the S10,
film exactly intersects the y-intercept of the bulk (1x1)
S1(100) substrate. Hence, the net number of displaced atoms
at the 3-¢ S10,/(1x1) S1(100) intertace equals the total num-
ber of Si SP atoms/cm” minus the well-established value of
(1x1) Si(100) bulk silicon SP of atoms/cm.* The net number

of displaced atoms was zero:

Aﬂispfaced Atoms at Interface =4 Total 51 SP_A(I:{I) Sf(l 00)
Bulk Silicon SP=0

Since the y-intercept corresponds to S1/510,, interface with no
oxygen, the S1 SP arises entirely from the S1 surface. The
(1x1) S1(100) SP 1s represented by the thick horizontal line
tfor reference. If S10, grown on (1x1) S1(100) 1s ordered at the
interface, and the S1 atoms 1n the S10,, register with S1 atoms
in (1x1) S1(100), the S1 atoms within the growing S10,, pro-
gressively shadow S1 atoms 1 (1x1) S1(100). Shadowing
from registered S1 atoms 1n the oxide yields a negative slope
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for the S1 SP as oxygen coverage (and thus oxide thickness)
increases, as long as the oxide remains heteroepitaxial. As the
S10, phase transitions to a-S10,, the slope for the S1 SP versus
oxygen coverage also transitions from negative to positive
slope. The oxygen coverage at that location enables the deter-
mination of the thickness of the ordered phase. As a-S10,
grows thicker, the slope reaches +0.5, the expected stoichi-
ometry of a-S10.,.

FIG. 3 overlays IBA data of the a-S10,a/f3-¢c S10,/(1x1)
S1(100) stack 1n the <111> orientation (slope >0) with simu-
lated data for p-c¢ S10,/(1x1) S1(100) (slope <0) and the
thickness of the heteroepitaxial 3-¢c S10, interphase was
extracted. The experimental slope 1s found to be greater than
+0.5 forthe <111>axis. This could at first glance imply a S1: O
ratio of greater than 1:2. However, the difference between
bulk S1 SP (horizontal line) and the fitted slope indicated a
deficit of a-Si. Along the <111> axis this deficitis 7.49x10">
atom/cm”: The y-intercept of the IBA data was 50% below
that of the bulk S1(100) SP. This large deficit of S1 can be

explained by the structure of p-cristobalite along the <111>
ax1is, when compared to <100> and <110>, given the size of
the shadow cone created by <111> Si atomic rows. The
z-spacing along <111> between Si atoms 1n [3-¢ S10,, 1s as
large as 0.71 nm, istead of 0.3 nm along <100>and or 0.5 nm
along <110>. This greater shadow cone radius combined with
the 70% 1increase 1n the projected thickness from the <111>
channeling angle enhanced the shadowing effect from regis-
try 1n the 3-¢ S10, nanofilm with the (1x1) S1(100). Finally,
while S1atoms can be shadowed by S1atomic rows, the lighter
oxygen atoms with larger thermal vibration amplitudes are
not significantly shadowed. Lack of oxygen shadowing was
established by the oxygen yield in 3.045 MeV *°O(c, o) °O
NRA channeling and corresponding rotating random spectra
being 1dentical within the experimental error of +/-5%. Thus
the deficit in S1 atoms 1s due to shadowing, not to an excess of
oxygen.

The vertical line in FIG. 3 marking the intersection
between IBA data taken on the a-S10,a/3-¢ S10,/(1x1)

S1(100) stack and the simulation data for p-c S10,/(1x1)
S1(100) yields the order to disorder transition point within the
S10, films. The deficit in Si SP areal density was 7.38x10"°
atom/cm?, and the oxygen coverage at the intersection was
4.45x10" atom/cm”. Using the well established atomic den-
sity of ¢-Si (5x10°* atom/cm”), the heteroepitaxial interphase
thickness was found:

2 X (Oxygen areal density) + (Silicon areal density)
= 1.085nm

S — cristobalite volume density

The same reasoning yields a thickness for the <100> and
<110> ax1s which match within experimental error since they
were collected on the same structures.

Finally, the p-c S10, structure was found to be tetragonally
distorted along the z-axis 1n the simulation to constrain the
crystal cell to the underlying (1x1) S1(100) given the larger
volume of p-c¢ S10,, atomic cells. The z-axis of 3-¢ S10, was
expanded by increments up to 100%. Lengthening the crystal
cell z-axis increases the shadow cone radius by vVd, thus up to
1.4. The negative slope 1n the 3DMultiString-simulated areal
density graphs 1s then steeper. The closest match to volume
conservation of tetragonally distorted 3-c S10, on (1x1)S1
(100), a z-ax1s expansion ol 100%, yields a critical thickness
for the heteroepitaxial phase of 2.3, 2.0, and 1.9 nm {for
<100>, <110>, and <111>respectively, which averagesto 2.1
nm +/—0.2 nm. Doubling the z-axis lattice constant across 2
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nm to conserves volume while maintaining lattice matching,
explains the rapid collapse of the 3-¢ S10, 1nto a-S10,, beyond
the critical thickness. The plasticity of S10, bonds accounts
for such a large distortion as compared to elastic matenals
such as S1, Ge, C and their alloys.

By comparing experimental IBA with simulations, a new
S10, interphase with a 3-cristobalite structure was 1dentified.
This new heteroepitaxial p-c S10, nanofilm 1nterphase shad-
ows S1 atoms along the high tilt angle <111> channeling axis
in the S1(100) substrate where the shadow cone radius 1n the
2-nm 1nterphase 1s largest, while no disorder was detected at
the more shallow interfaces in the <100> and the <110>
directions. 3DMultiString confirmed the observed ordering
and enabled phase 1dentification and critical thickness detec-
tion.

The present mnvention 1s 1llustrated by way of the foregoing,
description and examples. The foregoing description 1is
intended as a non-limiting illustration, since many variations
will become apparent to those skilled in the art 1n view
thereot. It 1s intended that all such variations within the scope
and spirit of the appended claims be embraced thereby. Each
referenced document herein 1s incorporated by reference in
its entirety for all purposes.

Changes can be made 1n the composition, operation and
arrangement of the method of the present invention described
herein without departing from the concept and scope of the
invention as defined 1n the following claims.

We claim:

1. A method for depositing an ultra-thin epitaxial interfa-
cial phase having at least either a tetragonal distortion up to
100% or a surface atomic step greater than or equal to 100 A
or both on a cleaned semiconductor substrate, the method
comprising the steps of:

cleaning a sealable container according to a semiconduc-

tor-grade cleaning process comprising a peroxide solu-
tion, to provide a cleaned sealable container;

cleaning the surface of a semiconductor substrate to pro-

vide an mitially cleaned semiconductor substrate,
wherein
the cleaning of the surface of the semiconductor sub-
strate comprises a Herbots-Atlun clean, and a Her-
bots-Atlur clean 1s the final cleaning performed prior
to maintaining the mitially cleaned semiconductor
substrate 1n a static and inert atmosphere;
maintaining the initially cleaned semiconductor substrate
in a static and inert atmosphere inside of the cleaned
sealable container to provide a cleaned semiconductor
substrate having decreased surface carbon contamina-
tion with respect to the imtially cleaned semiconductor
substrate; and

oxidizing the cleaned semiconductor substrate,

wherein the imtially cleaned semiconductor substrate 1s
maintained 1n the static and inert atmosphere from the
conclusion of the cleaning step until the beginning of
the oxidization step; and

wherein the oxidizing results in deposition of the ultra-
thin epitaxial interfacial phase having at least either a
tetragonal distortion up to 100% or a surface atomic
step greater than or equal to 100 A or both on the
cleaned semiconductor substrate.

2. The method of claim 1, wherein the mitially cleaned
semiconductor substrate 1s maintained in the static and 1nert
atmosphere for about 30 seconds to 12 months.

3. The method of claim 1, wherein the static and inert
atmosphere comprises a noble gas, nitrogen, or mixtures
thereof.
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4. The method of claim 3, wherein the static and 1nert
atmosphere comprises semiconductor-grade nitrogen.

5. The method of claim 1, wherein the semiconductor
substrate comprises a semiconductor matenal selected from
the group consisting of S1, S1,Ge,_, GaAs, S1,_,_Ge C,,
Si3_00€3,Nysy, Ge, Ga; Al As, S1Ge, (ON,_ ),
St ., Ge C(ON, ),,and (S1,__Ge C )N, .

6. The method of claim 5, wherein the semiconductor

substrate comprises S1; and the ultra-thin epitaxial interfacial
phase comprises S10,,.

- X -

7. The method of claim 6, wherein the ultra-thin epitaxial
interfacial phase comprises beta-cristobalite-510,.

8. The method of claim 1, wherein the cleaned semicon-
ductor substrate 1s oxidized by a semiconductor oxidation
process.

9. The method of claim 8, wherein the oxidation process 1s
selected from the group consisting of native oxide formation
in ambient air, thermal oxidation, rapid thermal oxidation,
and annealing 1 nitrogen, hydrogen, or a combination
thereof.

10. An ultra-thin epitaxial interfacial phase having at least
cither a tetragonal distortion up to 100% or a surface atomic
step greater than or equal to 100 A or both on a cleaned
semiconductor substrate prepared by a process comprising
the steps of:

cleaning a sealable container according to a semiconduc-
tor-grade cleaning process comprising a peroxide solu-
tion to provide a cleaned sealable container;

cleaning the surface of a semiconductor substrate to pro-
vide an 1mitially cleaned semiconductor substrate,

wherein the cleaning of the surface of the semiconductor
substrate comprises a Herbots-Atlun clean, and a
Herbots-Atluri clean 1s the final cleaning performed
prior to maintaining the mnitially cleaned semiconduc-
tor substrate 1n a static and inert atmosphere;

maintaining the mitially cleaned semiconductor substrate
in a static and 1nert atmosphere inside of the cleaned
sealable container to provide a cleaned semiconductor
substrate having decreased surface carbon contamina-
tion with respect to the mitially cleaned semiconductor
substrate; and

oxidizing the cleaned semiconductor substrate,

wherein the mitially cleaned semiconductor substrate 1s
maintained in the static and inert atmosphere from the
conclusion of the cleaning step until the beginning of
the oxidization step; and

wherein the oxidizing results in deposition of the ultra-
thin epitaxial interfacial phase having at least either a
tetragonal distortion up to 100% or a surface atomic
step greater than or equal to 100 A or both on the
cleaned semiconductor substrate.

11. The interfacial phase of claim 10, wherein the static and
inert atmosphere comprises a noble gas, nitrogen, or mixtures
thereof.

12. The interfacial phase of claim 10, wherein the 1nitially
cleaned semiconductor substrate 1s maintained 1n the static
and 1nert atmosphere for about 30 seconds to 12 months.

13. The interfacial phase of claim 10, wherein the semi-
conductor substrate comprises a semiconductor material
selected from the group consisting of S1, S1,Ge,_, GaAs,

Sty ., Ge,C, S5 Ge3, Ny sy, Ge, Ga, (Al As, 51,Ge
(Ole-y)Hﬂ Sil-x-yGeny(Ole-x)H! Elﬂd (Sil-x-yGeny)3N4-x-y‘

14. The interfacial phase of claim 13, wherein the semi-
conductor substrate 1s S1(100).
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15. The nterfacial phase of claim 10, wherein
the ultra-thin interfacial phase comprises S10,; and
the semiconductor substrate comprises Si.

16. The interfacial phase of claim 15, wherein the ultra-thin
epitaxial interfacial phase comprises beta-cristobalite S10,.

17. The interfacial phase of claim 15, wherein the ultra-thin

epitaxial interfacial phase has a silicon surface peak at zero
oxygen coverage of less than bulk S1(100) as measured along
the <111> axis by 1on beam analysis.

18. The interfacial phase of claim 15, wherein the interfa-
cial phase 1s a cubic cristobalite phase or a tetragonally dis-
torted cristobalite phase.

19. The interfacial phase of claim 18, wherein

the interfacial phase 1s tetragonally distorted normal to the
semiconductor substrate surface interface, with an
expansion of the crystal unit cell dimensions ranging
from O to 150% along the surface normal, wherein

substantially all atoms are arranged 1n unit cells whose
main axes are aligned 1n the same orientation;

only the <100> axes of the interfacial phase are aligned
with the Si1 substrate; and

the <110> and <111> axes of the interfacial phase are

10

15

20

shifted to accommodate the tetragonal distortion of 2°

the phase.

20. A semiconductor structure comprising a cleaned semi-
conductor substrate, an ultra-thin epitaxial interfacial phase
comprising cubic cristobalite phase or a tetragonally distorted
cristobalite phase and having at least either a tetragonal dis-
tortion up to 100% or a surface atomic step greater than or
equal to 100 A or both, and a high-k dielectric, wherein

30
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the mterfacial phase 1s between the cleaned semiconductor
substrate and the dielectric, and 1s prepared according to
the method comprising the steps of,
cleaning a sealable container according to a semicon-
ductor-grade cleaning process comprising a peroxide
solution to provide a cleaned sealable container;
cleaning the surface of a semiconductor substrate to
provide an iitially cleaned semiconductor substrate,
wherein
the cleanming of the surface of the semiconductor sub-
strate comprises a Herbots-Atluri clean, and a Her-
bots-Atlur1 clean 1s the final cleaning performed
prior to maintaining the mitially cleaned semicon-
ductor substrate 1n a static and 1nert atmosphere;
maintaining the initially cleaned semiconductor sub-
strate 1n a static and inert atmosphere 1nside of the
cleaned sealable container to provide a cleaned semi-
conductor substrate having decreased surface carbon
contamination with respect to the iitially cleaned
semiconductor substrate; and
oxidizing the cleaned semiconductor substrate,
wherein the initially cleaned semiconductor substrate
1s maintained in the static and inert atmosphere
from the conclusion of the cleaning step until the
beginning of the oxidization step.
21. The semiconductor structure of claim 20, wherein the
high-k dielectric comprises HIO,, HIS1ON, or ZrQO.,,.
22. The semiconductor structure of claim 20, wherein
the semiconductor substrate comprises Si.
23. The semiconductor structure of claim 22, wherein the
semiconductor substrate 1s S1(100).
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